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ABSTRACT 


Fibre reinforced composites, though relatively new 
materials, have already become an important engineering mater- 
ials. So far the main emphasis of research has been the develop- 
ment of materials, but nowadays more attention is being paid to 
the industrial production of products made of composites. 
Conventional machining methods and some un -conventional machin- 
ing methods like LEM and ¥JM are associated with many drawbacks. 

A new approach for the machining of composites using SCSM was 
staccessfully applied to the drilling of holes. Achievements in 
using ECSM for machining composites have stimulated interest in 
studying and exploring the prospects of wire-cutting by this 
method. An apparatus for travelling wire-ECSM Is designed and 
fabricated in the laboratory. The results about the feasibility 
of the process and its performance during imohining of composites 
are presented in this thesis. 

The effect of voltage and concentration of the electrol 
on meterial removal rate, tool wear rate, wire-erosion ratio aM 
average diametral overcut are discussed. Experiments are carried 
out on glass-epoxy and Xevlar-epoxy composites, using basic 
th^ries of "design of experiments". Analysis is carried out 
using ooxputer Bof||bware package, CABEAO-l. j 



CHAPTER 1 


INTRODUCTION AND LITERATURE SURVEY 

1 . 1 Introduction 

1.1.1 Composite Materials 

A composite material is a materials system composed 

of a mixture or combination of two or more macroconstituents 

odio. 

differing in form and/or material composition and that,-iae 
essentially Insoluble in each other. 

Fibre reinforced composites are relatively new mat- 
erials but they have already become important engineering 
materials. They are well known for their light weight, high 
strength, high stiffness and controlled anisotropic proper- 
ties. Additional advantages that the composites offer over 
the conventional materials are flexlblltty in design, corrosioi 
resistance, etc. Todays fibre composites have found such 
diverse applications as space vehicles, aircraft, offshore 
structures, automobiles, protective armours, containers, 
corrosion resistance coatings, sporting goods and electronics. 
The most widely used fibrous composites are glass-, graphite-, 
Kevlar-, boron-, and alumina-fibre composites. Plasties 
such as epoxy, polyester, etc. are the commonly used matrix 
materials. 

1.2 Machining of Composites 

So far, the a^in etqphasis of research has been on 
the developnwnt of faaterials, but nowadays more attention 
is being paid to the industrial production of products made 



of PRP (Fibre reinforced plastics) , In aerospace and 
shipping industries, which are almost classic fields of 
application, the production of single part is common. 

But in automotive, machine tool and sporting goods 
industries, where mass production predominates, the nece-> 
ssity of fully automated and economic production methods 
arises. The substitution of metals by plastics with glass, 
carbon or aramid fibre reinforcement does not only require 
change in design philosophy, but also affects both the 
particular production technique and the complete production 
cycle. 

The machining of PRP differs in many respects fro?n 
metal wee king The material behaviour not only is inhomo^ 

geneous, but also dependent on fibre and matrix properties, 
fibre orientation and the type of weave. Therefore, the 
machining of FRP requires special demands for the geometry 
of the toi>l and its abrasive resistance. 

For the machining of glass • and carbon-fibre compo- 
sites, a conventional tool geometry similar to the one 
used in metal cutting is usable. Since high al^rasion 
resistance of tool material is necessary while machining 
these composites, high speed steel (HSS) is unsuitable 
as a tool material, But, tungsten carbide (llC) tools may 
be used. 



In nachining of aramid fibre reinforced plastics 
(APRP) , standard tools are not applicable without severe 
work material damage like delamination or filming (as 
shown in photograph No. 1.1). Aramid fibres requires 
very sharp cutting edges and a tool geometry which 
inhibits the fibre displacement in front of the cutting 
edge. HSS tools usually achieve insufficient tool life 
even in AFRP. In general, the tool life tiay be increased 
by coating HSS or carbide with Tin ^13 . In some cases, 
however, the increase of cutting edge radious due to 

coating may result in a complete failure of tool perform- 

1 / 

ance. Moreower. grinding tools which usually possess 
a negative rake angle are not suitable for the machining 
of APRP. Even more difficulties are encountered when 
the composite material consists of aramid fibres in 
addition to glass or carbon fibres, because all the 
requirements of different types of fibres may not be met 
at the same time. Also, the increasing use of graphite- 
epoxy composites for the afevsiuitural frames of an aircraft 
has posed a new ohalbenge to the drilling operation C.2J. 
Firstly, such materials are very tough, having a high 
modulus, high strength and a very high stiffness per unit 
weight. Secondly. Improper drilling causes the delamination 
of the graphite fibres which reflects in the poor quality 
of the hole. The quality of the drilled hole deteriorates 
with incr^aing use of the drill and this can be critlc&l 
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Photograph No . 1.1 


Conventional Drilling of Kevlar -Epoxy 
Composite 


to the life of the riveted joints for which the holes are 
used. 

Another serious problem of machining is the 
generation of airborne dust. Glass and carbon fibre 
compounds usually emit a fine powder like dust, whereas 
a fibrous dust is typical for the machining of aramid. 

In any case, the dust has to be extracted and filtered 
carefully, since otherwise serious hazards to health and 
machine tool damage Tnay occur W- 

In view of these facts, the need for developing 
a new technique for machining of composites, that overcomes 
the present drawbacks, can not be overemphasised. 

1.3 Slectroohemical Spark Machining (BCSM) 

An advantage of ECSM is that it can be used for the 
machining of any electrically non-conducting material 
irrespective of its mechanical properties such as strength, 
toughness, hardness etc. The geometrical arrangement of the 
fibers, their weave and their bonding to the matrix are 
of less importance for the li^SM process* Therefore, the 
process is ideally suited for the machining of composites. 

1.4 Mterature Survey 

Mo literature could be forward on *BCSIS of composite 
materials”, while limits literature is available on WCBi 



process as such 7, lOJ-llJ. Alnrast oil the processes, 
that are in use at present, for machining of composite 
materials have been dealt within fjLj and along with 
their relative merits and demerits. 

The different techniques and processes identified 
with composite manufacturing are as follows s 

-methods of cutting cured and uneured composites 
-machining technology for routing, trimming, 
beveling, countersinking and counterboring 
-drilling technology 
-mechanical fastening 

-joinlngjjftbchnology, which includes welding, 
adhesive bonding, broojfing and diffusion welding, 
-coatings, e.g,, paint and special coatings for 
protection against lighting and electromagnetic 
interference. 

Schwartz gives an interesting analysis of the 
conventional drilling in composites. In a conventional 
drill, the neutral rake scrapes the material and causes 
it to resist penetration by the drill tip. It also tends 
to push the reinforcing fibers out in fronts requiring 
a great deal of pressure to penetrate in the workpiece. 
This pressure causes the fibres to resulting in 

furry and undersized holes. The pressure also produces 
excessive heat# which causes falling and chip clogging in 
the resin. The release of pressure as the tool bit breaks 

thcouff. ti.. O.U... . 



in feed rate. As the tool plunges through the last few 
fibers, the cutter shaft, not the cutting edge, removes 
the remaining material. This results in chipping and 
cracking. The best stay to analyse a drilling operation 
is to examine the chips. If the speed of the cutting 
tool is too high, heat will make the resin sticky and 
produce a lumpy chip; if the cutting edge is scraping 
and not cutting the plastic, the chips will be large 
and fl^ky. Either type will eventually clog any evacu- 
ation system. 

The main problem of drilling FRP is the quality 
achieved at the tool exit side , Therefore, the 
width of the damaged zone on that side and the surface 
roughness have been taken as the best indicators for 
the drilling result. The quality and the variation of 
measured values have been shown to be highly dependent on 
fibre orientation. Also the forces for the drilling of 
carbon-HT composites are found to be higher than for 
B-glass reinforcement, as long as the laminate structure 
is comparable QTJ . In order to drill APRP’s orderly 
the fibres should be preloaded by tensile stress and 
cut in a shearing motion. It is therefore necessary to 
pull the fibres from the outer tool periphery towards 
the centre of the material . This requirement can be met 
by tools with protruding peripheral cutting edges and 
positive radial and axial rake angles . 



For trim routing glass- and carbon fibre compounds 
tools with multiple cutting edges made of cemented carbide/ 
or polycrystalline cutting materials are recommended ClU 
The best machining quality is achieved by upmilling, 
independent of tool geometry and cutting conditions. 

Similar to drilling, the amount of cutting force and 
the surface quality in routing is very much dependant 
on fibre orientation. 


Conventional routing tools with oxidatlonal 
twisted helix are not suited for the routing of AFRP 
because fuzzing ocoturs due to axial cutting forces at 
the top layer which is not backed by adjacent material 
layers • A straight fluta design achieves a high 
machining quality at first, but after a very short cutting 
path rapidly increasing fussing occurs at both top layers 


0j. 


Circular wiumfimg uses diamond blades for most 


composite materials . Cutting speed for composite 
normally varies from 2000 to 10,000 ft/min. Thicker parts 
cut at proportionally lower feed rates. Saber sawing 
normally cuts Kevlar-epoxy with a blade which cut# the 
outermost on both sides of the laminate towards the 
interior. Blade speeds of 2500 strokes minute are 

recomiended, but blade speed and ferad rates may vary with 
material thickness. 



Reciprocatlng-knife cutting is another technique 

used for the cutting of composites. There are two types^ 

of systems, both of which incorporate high-speed geoips o nit*^ 

qati«m knives that are driven through the material to be 
«n 

cut by a mi|li -computer controlled, XYZC positioning 
system. In one system the cutting knife penetrates through 
the material into closely packed plastic bristles that 
constitute the surface of the cutting table. The system 
cuts in chopping mode, l.e., the knife rises above and 
plunges through the material onto the table. The second 
system can cut desired patterns in a continuous line at high 
speed. Curves, sharp corners, and notches can also be cut 
without lifting the knife from the material. Cutting results 
for both system indicate that the slicing and choping system 
can cut a greater number of glass-epoxy and graphite-epoxy 
plies at twice the feed rate of the choping system. 


h widely used technique for the machining of FRP is 

J.t cutting (WC) Q2 ■ 

view, the water jet has good preconditions for cutting FRP. 
Sspecially thermal material damage is completely avoided* 

For contour cutting operations, which are very common in 
FRP machining, the almost point aised '*tool'' geometry and 
the multidirectional cutting ability of WC are favourable. 

Xnspite of these advantages, WC has two major draw- 
backs s 



(1) Perpendicular to its own axis the jet has only lirnited 
stability and way therefore easily be distorted within 
the cutting kerf. Due to this the cutting front, 
which is visible at the cut surface as a bundle of 
parallel grooves, is bent opposed to the feed direction 
If the jet hits an obstacle, for example a fibre 
embedded in matrix, it will be deflected and will 
erode the "soft" components of the material first. 
Therefore FRP surfaces cut by water jet show that 
typical appearance of "washed out" matrix and protru- 
ding fibres. At the cutting limit the jet will erode 
matrix material only and will "Jump" clearly visible 
and audible across the fibres, which remain as solid 
links across the kerf, 

(2) The jet force acts in the direction of the fluid flow 
and therefore generally perpendicular to the surface. 
This force direction, however, as pointed out earlimr, 
is mainly responsible for material damage at the 
tool exit side. 

Additionally, the cutting process at the bottom of the 
Kerf is slowed down due to the fact, that power density and 

y 

therefore penetration ability has been absorbed by the lajf^s 
above. This results in cracking and chipping at the exit side. 
The feed rate attainable is therefore in general limited by 
the surface quality required r^gsattfs than the rough cutting 
ability of the jet. 



Next to WJC the laser cutting technique is veil 
suited for the contour trimming of FRP Di- In general, 
aramid fibres are well, glass fibres less and carbon fibres 
hardly suited for laser cutting. This technique requires 
very precise control of focus position, feed rate and 
process gas flow. Especially this later parameter is, next 
to the power density and the intensity profile, the most 
important factor for the thermal damage of the mater iiil. 

Thermal damage is one major drawback of the laser technique 
besides the generation of smoke and fume. Surface qiiality 
and kerf geometry especially for thin laminates arc very 
good, if single mode laser are used . 

1.4.1 ECSM Process 

In this process, two electrodes, one of which is 
the tool of the desired shape, and the other a flatjf^plate 
of much larger area than the tool, are Immersed in an electroly- 
te with a certain distance 30-50 mm) maintained between 
them. It has been observed that the sparking occurs at the 
tool electrolyte interface above a certain voltage (30-50 
volts) • This sparking is not between electrodes, but from 
the tool to the electrolyte, presumably across a hydrogen or 
steam layer. Now if the sparking tool is brought in contact 
with the workpiece, which is kept between the two electrodes, 
machining takes place. 



Cook, Foot, Jordon and Kalyani havo studied 
the discharge machining of glass. The process is shown 
to be electrolyte sensitive, and also varies somewhat 
with ^larity. Further, for a given voltage, the rate of 
machining decreases with time. Machining rate increases 
both with concentration and temperature of electrolyte. 
Machining occurs more readily at corners. A pulsed d-c 
voltage supply was also used to test the effect of high 
frequency pulsed current [ij . It is found that for pulsed 
power supply (pulses in mllli-sec rangejt.* t^he material 
removal rate is comparable to the case when d.e. power is 
used. For pulses in the micro-sec range, MRR increases by 
a factor of two. More striking is the effect of pulsed power 
(milli-sec or micro-seo) on the surface finish of the holes. 


The surface produced by pulsed power is foj^biw€o be much 
smoother than that from a d.c. power supply. A variety of 
electrically non-conducting materials have bean^^achined 
successfully using ECDM* Some of the results obtained by 
Cook et al. have been confirmed by Kumar IjX* 


A special mention needs to be made about the sparking 
in BCM. liar8Bdi)| and S j discussed about the reasons 

for sparking in ECm, For sparking to occur, metal-to-metal 
contact does not seem to be necessary. The onset of sparking 
coincides with the formation of large flat bubbles. Such 
bubbles are blanketed ’a much larger area of the electrode 
than the more spherical bubbles. The sosurklnc between the 



electrode and the electrolyte solution could be clearly 
seen if two wire electrodes are held just touching onto 
the surface of static electrol 3 rte with a voltage of 100 
volts or more. Violent sparks can be produced particularly 
at the cathode, although potential gradient is probably 
more important than the potential difference. In an BCM 
cell, if the cathode becomes covered with a layer of 
thin large area bubbles, the current will be conducted by 
streamers of electrolyte between the bubbles thus causing a 
high potential gradient. Larson, et al jjS]} also reported 
that the sparks observed per square mm of tool could be an 
Inverse function of the $ap, and the number of sparks 
decreases after some time as the process proceeds. According 
to Loutr.l and Cook [ 9 ], lieW. in th. ora« of 10« 
aee generally required to produce field emission arcs in di<* 
electrics. For the case of the electrolyte found in ECM, 
they theorise that arcs always form across voids. If the 
voltage gradient across the void exceeds the dielectric 
strength or break down voltage, an arc will occur. Once 
an arc is initiated, it may either die or grow larger. 

After an arc is initiated, the heat produced will begin to 
vaporise the surrounding electrolyte causing the void to grow 
larger. If the voltage gradient In the surrounding electrolyte 
is high, as in extreme machining coMltions, the arc will 
continue to grow, bridging the gap and causing melting of 
the electrode surfaces. This is a typical failure .point in'. 



ECM. Loutreal ®t al. have suggested the following 
seven mechanisms leading to high voltage gradients in the 
presence of voids : 

(1) Electrolytic gas evolution at electrode 
surfaces 

(2) Depletion layers 

(3) Electrode passivation and activation over 
voltages 

(4) Local stagnation of flow 

(5) Steam generation and cavitation 

(6) Vapour blanketing of electrode surface 

(7) Particles in electrolyte flow. 

Khouyry and McGeougw Oo] have discussed metal removal 
in the leading and side. Gaps of ECDM drilling (for a 
conducting workpiece) , Electrochemical dissolution (ECD) 
and electrodiacharge erosion (ED£) are shown to occur as 
discrete phases of round only varying intensity and duration. 
The random occurrance of spikes in both working voltage and 
machining power that arise during the ECD and BDE phases is 
described in terms of stochastic difference equations which 
are obtained from the dynamic data systems (DDS) nK>delling 
?aethod. The special moments of the voltage and profiles 
developed fr^ these models are used to discriminate bettp^een 
the phases of EQ}# and the occurrence of arcs and sparks in 
machining gap. The analysis of machining power is shown to 



to be useful only for qualitative assessments. 

Crichton and McGeough Jllj have used high speed 
photography to show that both spark and are discharges 
are possible in an electrolyte. Further it is shown that 
the type of discharge may be distinguished from the energy 
of emitted radio frequencies or by the study of the light 
emitted. According to them, on application of a voltage 
pulse between two electrodes inwersed in an electrolyte, 
three phenomena may occur * (a) Electrochemical action only, 

(b) electrochemical action followed by discharge between 
an electrode and the electrolyte, and (c) electrochemical 
action follow®^ by discharge between the electrodes. Within 
the single pulse voltage and current waveforms obtained %irith 
phenomenon (c), four electrical stages may be distinguished! 

( 1 ) high frequency oscillation (170 KHa) , 

(2) high rate KJM, 

(3) low rate ECM, and 

( 4 ) electrical discharge. 

Stage 1 represents an unproductive period, however 
further authors ®bown that it may be 

eliminated by circuit modification. Stage-2 and 3 together 
represent an ECM phase, and stage' 4 an phase. The 
duration of these phases respectively increase and decrease 
with Increasing gap width and vary with electrolyte type, 
concentration and conductivity. 



A contparison of ECIW with U£M {ultrasonic machining) 
has been made by Kumar m . ECDM is reported to be having 
some distinct adarantages over USM. The initial investment 
required for USM would be larger than that required for 
ECDM. The penetration rate of 2 mm/min obtained in ECDM 
is faster than the 1.5 mm/min obtained in USM (using stainless 
steel circular tool of 1.6 mm diameter). Moreover the 
surface roughness of about 0.3 microns obtained with ECI3M 
is also smaller than 0,5 microns obtained with USM (for a glas 
workpiece) . Also it is found that with a rectangular tool 
the corners are less rounded with ECDM. 

ECDM has been successfully applied to hole drilling in 
composites by Tandon 023 • Effect of voltage# electrolyte 
conductivity, fiber volume fraction and tool diameter on 
material removal rate, tool wear rate (TWR) relative tool 
wear and overcut were studied by him. 

He reported, increase of MRR, TWR and overcut with 
increase in voltage and electrolyte conductivity and 
with decrease In tool diameter. Fibre volume fraction was 
reported to have no effect on TWR and overcut and slight 
decrease in MRR with increase in fibre volume fraction. 
Optimal MRR and TWR for given overcut were also reported. 

1.5 Objectives of Present Work 

From the above literature survey it is evident tliat 
aa efficient and accurate technique for machining of compo#lt< 
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is not available. Conventional fnachining methods are 
associated with many drawbacks, while laser cutting, apart 
from being inefficient, gives large heat effected zone. 

Water jet cutting, besides being expensive has limited 
applications. But, BCSM in which material removal rate 
is independent of mechanical properties of composites, seems 
to be a potential process for machining of composite materia 

ECSM has been applied 12 to drill holes in the 
composite materials. Achievements in using ECSM for machin- 
ing composites have stimulated interest in studying the 
prospects of travelling wire -electrochemical spark machining 
(TW/ECSM) , especially in the light of rapidly growing 
industrial use of composites. The main advantages invisaged 
for ECSM with a wire electrode are; 

1. Cutting of large volumes of material, without the need 
for costly full -form tool electrodes, or for large power 
supplies . 

2. By numerical control of the direction of movement of the 
workpiece, complex two/and three/dimensional shapes in the 
workpiece can be produced. 

At present stage, no data is available concerning 
the effects of TW/ECSM on MRR and overcut etc. when machinir 
composite materials. To gather relevant information, an 
apparatus for wire ECSM was designed and fabricated in the 
laboratory. The feasibility of machining composite materia] 



using this apparatus was studied. Glass-epoxy and Kevlar- 
epoxy laminates were used as work material. 

Voltage, concentration were taken as independent 
parameters. Their effects on material removal rate (MRR), 
tool wear rate (TVJR) , wire-erosion ratio (WER), and overcut 
produced was studied. 
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prospects of travelling wire -electrochemical spark machining 
material removal rate (MRR) , tool wear rate (T^JR) , wire-erosion 
ratio (WER) , and overeut produced was studied. 



CHAPTER 2 


EXPERIMENTATION 

2 . 1 Sxp8riment.al Setup 

Plgiare 3.1 shows a schentatlc diagram of the experi~ 
mental apparatus. The experimental set-up consists of an 
electric power source, gravity type feed mechanism, a wire- 
feeding system, two electrodes arxd a tank of electrolyte. 

The electric power source consists of a variac to 
control the voltage supply' to the system and a bridge 
rectifier consisting of four diodes to supply the d.c. power. 

Gravity feed was provided to the workpiece. Gravity 
type feed mechanism consists of an adjustable work support, 
pulley, pan and a counter weight. The feed forcsHZ&on the 
workpiece can be adjusted by adjusting the counter weight. 

Sy this feed mechanism, workpiece and wire are always in 
physical contact with each other. 

The main components of the wire driving system are 
shown in Fig. 2.2. It consists of a frame, two wire guides 
(pulleys) , one double groove pulley, two spools (feeding 
and take«4ip spools) , d;o. stopper motor ai»d its controller. 

Initielly, copper was used for the flat electrode as 
anode. Sut due to the electrolytic action, copper was getting 
dissolved resulting in a large amount of sludge end contami- 
nating the solution, on the other band, graphite whieh deee not 






stepper Motor 
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Fig. 2.2 Wire -Feeding System. 




form th« sludge did not contaminate the solution. In view 
of this, graphite plate of 9,5 mmx 7,5 mm x 1,0 mm was 
used as anode when brass wire of 0,6 mm diameter was used 
as cathode, the wire was breaking quite frequently because 
of its low current carrying capacity. After its use for 
some time in the process, it used to get red hot and finally 

f 

broke even at 55 volts- For achieving some realistic 
voltage higher tliar 55V is required. Hence copper wire of 
0.922 mm dia was used in all the experiments. Current supply 
to the wire was given through a double groove pulley. Wire is 
driven at a constant speed of 12 mm/min, using a stepper 
motor.. 

In the oeginning, the experiments were conducted with 
aqueous solution NaCl as electrolyte. But MRR achieved was 
very low. Electrolyte flushing was also tried with NaCl to 
toHiove the debries from the tool -work interface. The flowing 
electrolyte tests could not yield successful results since 
the flowing electrolyte carried away the gas bubbles, thereby 
reducing the sparking and hence the machining. To increase 
the MRR, NaOH was tried. Since NaOH has a higher- specific 
conductance even at lower concentrations, higher rates of 
reaction takes place, so larger amount of gases are evolved 
in case of NaOE. Hence higher MRE was observed. For this reason 
all the experiments reported in this thesis, were carried out 
with HaOE. Specific conductance of EaOl and MaOH solutions at 
various cone entrat ions £15,162 are given in the Table 3.1 


and figura 2»3» 



Workpieces used were of glass-epoxy and Kevlar-epoxy 
composites of size 7.0 mm x 2.5 mm x 3.0 mm. Gl-ep and 
KV-ep composites were found to have the fibre volume fractions 
as 45k and 44X respectively. Workpiece Is held at a aie>S»ee~ 
d^naaw of about 30 mm from the anode. Wire was kept in 
contact with the workpiece which was fixed at about 2-3 mm 
below the level of the electrolyte. 

An overall view of the apparatus is shown in Photograph 
No. 2.1 and wire-feeding mechanism is shown in Photograph 
No. 2.2 


2.2 Specimen Preparation 

The present investigations have been performed on Kevlar- 
49 fabric reinforced epoxy resin. Kevlar-49 fabric specifi- 
cations supplied by the manufacturer are given in Table 2.2. 
This fabric has the fibre volume ratio in vnrp and fill 
direction as 10 :1. This type of weaving ie generally referred 
to as the unidirectional weave. 

The specifications of the epoxy supplied by the manu- 
facturer are given in Table 2.3. Curing tenqperature and 
corresponding curing times as suggested by the manufacturer 
are given in Table 2.4. 

Composite plates of 3 wa thicknoss wore cast by Imnd 
lay-up tecbniguo in the laboratory, fabric was cut into tho 
required sire by a special Kevlar cutting scissors, supplied 



Pliotograph No. 2.1 


An Overall View 


of TW/ECSM Apparatus 



Photograph No . 2.2 


Wire-feeding System 



by fabric manufacturer (Dupont Company) , To obtain maximum 
fiber volume fraction along with good aurCace finish, ten 
layers of fabric were used for 3 mm thick laminate. Fabric 
was demoisturlaed completely by pretreating it in an oven at 
105®C for 16 hours. It was then cooled in the oven Itself so 
that no moisture could be absorbed again. 

Composite laminates were cast between 25 mm thick mild 
sceel mould plates lined with mylar sheets* These sheets make 
it easy to release the laminate from plates and also ensure a 
good surface finish. The fabric pieces were placed on the 
lower mould plate one by one. Resin was spread by a brush, on 
lower mouldjjfe>late and on the top of each fabric piece. The 
laminate was rolled gently with a rubber roller. after placing 
mylar sheet on the top. Rolling squeezes out the entrapped 
air and the extra epoxy. The upper mould plate was then placed 
on the top. The mould plates were separated by mild steel 
spacers to control the thickness of the laminate. The mould 
plate applies a pressure due to its own weight and due to 
tightening of nuts on the bolts, going through both the mould 
plates. Excess resin gets squeezed out from the sides. 

The plates were cured at room temperature for about 
6 hours and then at 55-60°c for another 12 hours by heating 

d plates through several 250w heating elements placed 
Iter surface of each mould plates. The rate of 
rould be controlled through a transformer. 



Experimental determination of fiber volume fraction 
for Kevlar fiber compositen is not possible, because in 
the resin b^lrn-off teat# the fibers also burn off. There 
fore, following indirect *^athod is used 


Fiber Volume Fraction : 

_ 


where. 


A » Area of composite laminate. 
a *=> Number of fabric layer in laminate 

sa 10 


/fa ” 

ss 


t = 


Areal density of fabric 
0.190 kg/m^ 

Density of fiber 
1,44x10*^ kg/m^ 

Tl.ickness of laniij|»ate 
0.003 m 


Henc^j , 



10 X 0.190 
0.003 X 1.44 X 10^ 


tt 


0,4398 (;:ii449£} 



Specimens of size 70 mm x 25 mm were cut on a circular 


sawing machine. Unconventional side of a metal splitting 
fine teethed H.S.S. cutter was used at high speed (<^30 m/s). 
The quality of the edge is found to be quite good except few 
broomed fibers at one side of edge from which cutter is 
released after cutting. This brooming can be easily removed 
by sa wytn y the edges on simple wood sa^ijtg paper and a 


good edge finish is obtained. 




Qlass-epoxy laminates of 3 mm thiclcness supplied by 
3M company USA were also used. It is a cross-ply 
laminate having 16 layers and fiber volume fraction 45X. 

Specimens of same size as that of Kevlar -epoxy compo- 
sites were cut with the help of a diamond cutter. 


2.3 Experimental Procedure 

Experiments performed on glass-epoxy as well as on 
Kevlar -epoxy composites were planned according to the 
"design of experiments" technique ^18, 19^ . Voltage and 
concentration wmm considered as controllable imriables and 
their effects on material removal rate (MRR)« diametral 
average overcut, tool wear rate (Tl^) and wire-<nrro8ion 
ratio (WM) were studii^ as responses of the process. 

Table 2.5 gives the levels and their actual values for 
different factors. 



Table 2.5 


Values of X, and X for Different Levels 
^ 2 


Factors 

Symbol 

-2 

Levels 

-1 

0 

1 

2 

Voltage 

(volts) 

^1 

55 

60 

65 

70 

75 

Concentra- 

tion 

(grams/litre) 

^2 

5 

10 

15 

20 

25 


The schefne of experimentation and responses obtained 
are given in Appendix A. 

Each experiment was carried out till the minimum depth 
of penetration of the wire in the workpiece is equal to the 
diameter of the wire. Machining was stopped after every 
minute to monitor the specific conductance of the electrolyte 
which increased due to the temperature rise. It was brought 
back near to its original value by allowing^ ^e electrolyte 
to cool down to approxi<mitely room temperature by stirring 
the electrolyte and using a fan. Electrolyte was filt^ed 
after each experiment to remove the sludge from it. Fresh 
electrolyte was used for every new trial. 




Experiments were performed for a duration of time 
ranging from 2 to 35 min. for glass-epoxy composite and 
7 to 35 min. for Kevlar -epoxy composite. During experi- 
mentation, current eas recorded from the ammeter at every 
half minute Intezrval. History of current variation during 
ECSM is shown in Fig. 2.4. After machining, both the wire 
and workpiece were cleaned and reweighted, with the help 
of a single pan microbalance (accuracy of 0.00001 gm) . 

The amount by which the width of the machined slot exceeds 
the wire diameter, i.e. the "diametral overout" illustraeed 
in Fig. 2.5 was meastured with the help of a shadow graph 
taken at a magnification of 20X. Some of the shadow graphs 
showing ovcu'outs are given in Appendix B. 

The wira^osion, defined as the ratio of weight loss 
of wire to that of the workpiece was also calculated. 
Wire-speed was estimated from the product of the circumferen 
tial diameter of the spool including wire and the rate of 
revolution. 

The responses thus obtained were fed to a computer 
programme CA0EA6-1 OoJ to get the relationship between 
different parameters and responses. Additional experiments. 
Table 2.7 and Table 2.9, Appendix A, were performed to 
check the validity of the model. 

2.4 Process Modelling 

It is difficult to formulate a simple <«ithematical 
iBodel for the eoiQplex process such as travelling wire BCIM. 
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w sWidth of Cut 
d = Wire Dia. 

Diametral Overcut=w-d 

Radial Overcut 
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Fig. 2.5 Overcut Generated During the 
Machining Process with Wire. 
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Fig 2.6 A Model of theTW/FCSM Process. 




However, the wire ECSM process may be modelled as a block 
box system where investigations into the effect of 
olyte concentration and voltage on output quantities can 
be based on the model shown in Fig. 2.6 

In this figure are the factors, effects of which 
on the process have to be investigated. Z are the factors 

fti 

held constant during the test and are the measured values 
of the responses. In the present study, are defined ass 
electrolyte concentration and voltage; Factors Z are iden*« 

Utl 

tified ass type of electrolyte (NaOH) , wire material (copper), 
wire diameter (0.922 mm) , workpiece material (Glass-epoxy/ 
Kev&ar •-epoxy composites) ; and responses Y^ are identified 
as ; material removal rate (mg/mln) , diametral average overcut 
(mm), tool wear rate (mg/min) , and wire-erosion ratio. 

2.5 Design of Experiments 

The experimental work carried out to study the effects, 
is planned in accordance with the statistical techniques of 
the experimental design. According to Adler, Markova and 
Oranvosky jisj the design of an experiment is the procedure 
for selecting the number of trials and conditions for 
running the experinwnts, essential and sufficient for solving 
the problem that has been set with the required precision. 

The Important features are as follows t 



(a) The siniulttaneous variation of all the variables 
determining a process according to special 
rules called algorithms; 

(b) Striving to minimize the total number of trials 
and, 

(c) The selection of a cleareut strategy permitting 
the experimenter to make substantial decisions 
after each series of experiments. 

With a well designed experiment it is possible to determine 
accurately, with much less effort, the effect of change in any 
one variable on the process output (also known as response or 
yield) and the interaction effects between the different factors 
if any. If all the investigatiKi factors are quantitative in 
nature, then it is possible to approximate the response 
as a polynomial equation 1. 


b + 
o 


^ Vi + 


^ “ii -'i - g -’ll “i-'J 


where (i * 1,2,...,1C} are coded levels of K quantitative 
variables and b^, etc. are the least square estimates of 
the regresi^ion coefficients. The polynomial in equation (1) 
is also known as regression function and the first term 
under the summation sign pertains to linsar offset, the 
second term under the summation sign psrtains to quadratic 



affects, and the third term pertains to Interaction effects of 
the investigated parameters. 

The actual values of the levels for the factors, X 

1 


and X 2 are shown in Table 2.5 



CHAPTER 3 


RESULTS AND DISCUSSION 

3.1 M«chattl8m of BCSM Process 

As already explained in section 1.4.1, the sparking 
takes place across the tool -electrolyte interface. It is 
because of the high x>otential gradient across the hydrogen 
gas bubbles (hydrogen gas is evolved due to the electrolytic 
action) . Due to the high potential gradient, breakdown 
of the gas in the bubbles takes place and a discharge occurs. 
Discharge is accompanied by a large amount of heat. 

Machining takes place, since the sparking tool is in 
contact with the workpiece^ The various possible miM^hanisms 
by which the material might have been removed are listed 
below t 

1. Melting and vapourisation of the work material 

2. Elect roohemioal action 

3. Mechanical erosion. 

Due to sparking, the large ans>imt of heat is generated 
between the tool and the «ff»rkpieoe, as in lEEl. It causes 
the melting and evaporation of the work material. This is 
confirmed by the j^esenoe of the globules (^le solidified 
material) on the protruding fifcares, as shbim in fhetegrai^ 
No. 3.1. Beat effected sone can be^ s^im in Nhote^aji^ 
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Photograph No. 3.2 Heat Effected Zone (HEZ) 




and Kumar that 
the non-conducting materials like granite. Refractory fire- 
brick, Aluminium oxide, Bakellte, bones and perspex could 
also be machined by this process. The absence of conducting 
ions in perspex, granite and refractory brick etc. shows 
that the material removal by electro-chemical action is not 
possible. 

The third possibility l.e,, the mechanical erosion may 
occur due to the cavitation effect of the gas bubbles rupturing 
on the workpiece. The discharge through the bubbles will 
result in its violent rupture. 

Material removal by melting and vaporisation seems to 
be contributing to a greater extent in the machining. However, 
the mechanism of the process is far from being clear and is 
apparently Quite complex. This should be investigated further. 

3.2 Cutting of Glass-Epoxy and Kevlar-Epoxy Composites 

Here, the results of travelling wire BCSM of glass- 
epoxy and Kevlar-epoxy composites are presented. Using the 
responses, obtaincKi experimentally and given in Table 2.6 
and 2,8, Appendix A, response sxirfaee model, Eq. 1, was 
evolved with the help of a computer software package, 

CADEAO-1, Using these models, effects of different factors 
(voltage and concentration of electrolyte) on the responses 
have been studied and are discussed below. In each graph, 
curves show the computed results, while the points (circle, 
cross, triangle, sqruare etc.) are the experimental observations* 


It was investigated by Cook [3 



It is s««n that ther# is a good agreement between the 
experimental points and the analytical curves derived 
from the models. 

Some of the photographs of the specimens as machined 
by TW/ECSM are also shown in Photograph Nos, 3.4 and 3.5. 

3.2^1 Material Removal Rate (MRR) 

MRR is defined as the total material removed from 
the workpiece divided by machining time. 

The effect of voltage on MRR for Gl-Ep and KV-Ep is 
shown in fig. 3.1. for different concentrations of the 
electrolyte. MRR is seen to increase with the increase 
in the voltage. Increase in voltage Implies higher discharge 
energy and hence more MRR. 

Microscope observations of the machined pieces have 
shown micro-<iraaks at higher applied voltages (70V and above) . 
This may be due to the higher thermal energy input and the 
subsequent thermal cracking of the glass-^poxy composite. 

This shows that the materiel is removed mainly due to thermo*^ 
mechanical effects. Cracks can be seen in Photograph 
No. 3.3. 

Effect of electrolyte concentration on iiBtR at different 
values of voltage is shown in fig. 3.2. MltR increases with 
an increase in electrolyte coixsentration upto a certain 
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value i.e. 15X concentration, and then decreases. This Is 
due to the fact that the specific conductance of NaOH solution 
increases upto 15X concentration, after which it starts 
decreasing. This can be observed in Fig. 2.3 and Table 2.1. 

An increase in specific conductance means an increased 
electrolyte conductivity and consequently more electrolytic 
current. The process of electrolysis is accelerated by an 
increase in the electrolytic current. This results in a 
greater rate of evolution of hydrogen gas bubbles at the 
Cafahode surface. Since, the sparking occurs across the bubble, 
an increased rate of H 2 gas bubbles forn«tion implies an 
enhanced rate of sparking and hence higher MRR. Therefore, 

MRR is found to Increase with increasing specific conductance 
and then dect'eases with decreasing oonductance. 

3.2.2 Average Diametral Overcut 

Overcut was measured at various locations and then 
average was calculated. The dependence of the average 
diametral overcut (as shown In Pig. 2.3) on voltage is shown 
in fig. 3,3. During machining, work material is rewved 
simultaneously by ail the aides of the tool, A modal in 
Fig. 3,9, shows the discharge through a bubble and its 
rupture. With an increase in voltage, the current density 
inceeaees producing large amount of H 2 gas bubbles. Bo 
sparking rate increases resulting in wid«p cuts. This can 
be claerly in photograph Ho. 3.4, More irregular cuts 



HlH- 



Fig. 3.9 A Model Showing the Discharge 
Through Bubble. 
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CRH Imi obsRjTVRd Rt higher volbagRs in the sente photograph. 

The reason can be explained as follows. At higher voltages, 
some of the large sised bubbles are also discharge because 
of hign potential gradient. Discharging and bursting of 
the bubbles of various sizes lead to highly Irregular cut. 
Improvement in groove shape can be observed in S^hotograph 
No. 3.5 when naoving wire is used instead of stationary tool. 

The effect of concentration on average diametral 
overcut is shown in fig, 3.4. Similar to MRR, Average 
diametral over cut also increases upto 13*, Concentration 
of NaOH and then decreases. Since current density increases 
upto 15* concentration, aftar which it decreases. .Effect 
of oloctrolyta concentration on overcut can be seen in photo- 
graph Ho. 3.6. 

3.2.3 Tool Wear Rata (TWR) 

TWR is defined as the reduction in weight of the tool 
during machining dividtJd by the machining time. 

Figures 3.5 and 3.67shov the effect of voltage and 
concentration on TWR, respectively. Tm. is observed to 
increase with an increase in voltage. Similar to MRR, TWR 
also Increasas upto 15X concentration ef HaOB, after which 
it decreases. This is similar to the depet^witce of MRR on 

these two facttwrs and the'eame reasoning, as given in 

.Mid' jMsed 4 es iMure also* worn' but tools can be 
section 3*1,1. ^HCe .3 

seen in Photograidi Ite. 3.7, 
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Photograph No. 3.7 Wornout Tools (a) "Wornout Wire 

(b) Wornout Stationary Tool 




3.2,4 Wir«-Ero»ion Ratio (WER) 

Wlr«-corro*ion ratio is dlrsctly proportional to TTUR 
and invar s«ly proportional to MRR. Therefor a, the behaviour 
of WRR is datarmined by tha relative effect of a paramatar 
on TMR and MRR. 

In Tig, 3,7, VER is shoum to decrease with increasing 
voltage. Although, both ThR and MRR increase with voltage, 
tha affect of MRR seems to he predominant in this case aad 
hence the decrease in flER. 

Figure 3.8 shows the variation of WER with electrolyte 
concentration. WIR is seen to decrease upto 10* concentra- 
tion and than increases with increase in concentration. The 
effect of MRR is predominant in the beginning, after which 
TMR predominates. 

3,3 Miscellaneous Observations 

3.3.1 Voltage - Current Relationship 

Figure 3,10 shows the voltage - current plot during 
machining. It was observed that the current suddenly drops 
to a lower value as soon as the sparking starts at about 
50V, Afterwards l.e. at voltages higher than 50V the current 
flow did not remain constant but f^rwird fluctuating. 

3.3.2 Sffeet of Artifically <3<iwierated Bubbles m MRR and 
Overeat 

Figure 3*11 Fii^e 3.12 shows the effect of voltage 



on MRR and avaraga diametaral ovarcut, when the bubbles 
are generated in soap water and dropped on the top layer 
of the electrolyte. It can be seen in Fig, 3,11 that the 
MRR has decreased when artificial bubbles are induced. This 
tnay be due to the larger size of the induced bubbles. 

For the discharge to take place across these large size 
bubbles, high potential gradient is necessary. As soap 
wntor is used to Induce bubbles, specific conductance of 
the electrolyte »nay have decreased. So intensity of sparking 
has reduced, hence MRR decreases. 

Frotn Fig. 3.12, it can be seen that the average 
diameteral overcut has decreased when artificial bubbles are 
induced. The above reason is applicable here also. 
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Fig. 2.3 Specific Conductance at Various Concentrations. 
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Fig. 3.1 Effect of Voltage 
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Pin ?? Effect of Concentration on MRR . 
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Fig. 3.3 Effect of Voltage on Average Diametral Overcut . 
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Fig. 3.4 Effect of Concentration on Average Diametral Overcut . 






(uiuJ/6uj)yMl 



(ui.oi /6ui)aM i 


Voltage (Volts) Concentration /( g/l ) 

Fig. 3.5 Effect of Voltage on TWR. Fig.3.6 Effect of Concentration on TWR. 
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Fig. 3.7 Effect of Voitage on WER. Fig.3.8 Effect of Concentration on WE R. 






Fig 3.10 Typical Voltage -Cur rent Plot. 
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Fig.3.11 Effect of Voltage on MRR. Fig. 3.12 Effect of Voltage on Overcut. 




4.2 Sugg«stionB for Future Work 


Future work can be don® to overcome present limitations 
and to develop a theoretical model for the material removal 
in TW/ECSM, 


1. Gas could be pumped in the form of bubbles of controlled 
size, below the tool. This would improve the sparking 
and keep it alive while the electrolyte is being conti- 
nuously replenished to remove any passive products if 
present, and to allow more hydrogen to be generated 
near the tool face. 

2. The cathode wire could be made to vibrate or rotate, 
as this wDuid remove any passive layers formed, at 
the tool -work interface, so that the performance of 
the process could be improved. 

3. Pulsed d*c. could also be tried to see the effect on 
material removal rate and surface finish, as it would 
essentially mean a controlled input of energy in small 
units, 

4. Heating of wire through an external source can be 
tried since it will allow nt»re hydrogen to be generated 
near the surface and thus improve MHR. 

5. suitable flatter system ai^ treatment of the electrolyte 
could be developed to remove the contaminating products 
and make the electrolyte reversable. 
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Tabltt 2.1 I Electrical Conductivity of NaCl and MaOH 
Solutions 


by weight 

NaCl conductivity 
mho/cms x 10^ 

NaOH conductivity 
inho/cios X 10* 

5 

671 

2060 

10 

1211 

3093 

15 

1642 

3490 

20 

1957 

3284 


25 


2135 


2717 


Table 2.2 * Kevlar Fabric Specifications 


Product - Dupont Co., USA 

Category - Kevlar - 49 fabrics 

C.S. style • 343 

Former Dupont style-143 

Weight (per unit area of fabric) , g/m^ - 190 
Tensile strength, K/m 

Warp - 255700 


Pill - 28700 

Count (Number of Y^rn/in ^ warp x fill) 


- 100x20 


ekiJUruiJfru 

Yarn dimer (weight in g. of 30,000 ft 

warp - 380 

Pill - 195 


long yarn) 


weave - Crow foot 

^ginger- - CS-805 

Fiber properties t 

Specific gravity « 1.44 
Decomposition temp » SOO^C 



Table 2.3 


t Epoxy Specifications 


Product 

Catagory j 
Rasin 

Hardnar 

Mixing 

Viscosity, Cp 

Pot life, hr 

Spacific gravity - 

Tansiia strength, Mpa •> 

Tensile nK>dulus,MPa 

Poisson's ratio -> 

Flexural strength •> 
MPa 

Decomposition 

temp®C 


CIBA OEiay INDIA LTD. 
Araldite LY556 

Hardnar HYSSl 
(10* of Araldite by wt.) 
At room temperature 
5000-8000 
0.5 - 1.00 
1.2 - 1.3 
55-130 
2800-4200 
0.20 - 0.33 
125 

270-280 



Tmbl# 2,4 I Epoxy Curing Chart 


Curing Tomp {®CJ 


Curing Tim« 


20 

14-24 hr 

50 

5-7 hr 

80 

1-2 hr 

100 

15-30 min 


140 


5-10 min 



APPENDIX A 


In this appendix results of glass-nepoxy and Kevlar- 
epoxy composites machining are tabulated. The experiments 
were performed according to "design of experiments" concept* 
Different combinations of independent parameters, i.e. voltage 
and concentration of the electrolyte and the responses obtained 
at each such combination are recorded in Tables 2.6 and 2.8. 

Pour additional experiments were performed to check the 
validity of the models obtained from the above mentioned respon- 
ses. The results of these experiments are presented in Tables 
2 . *7 and 2.8. 



Table 2.6 s Glaes -epoxy Composite Machining 
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Tatble 2.8 : Kevlar -epoxy Composite Machining 
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TabX« 2.7 t Additional SxperinMinta for 01 -Ep K^mpoaita 


SI. Ho. Voltage Concentra- MRR Average 

{volts) tion (»ag/mln) diametral 

{* by wt) over cut 

(min) 


1 

6? 

10 

18,462 

1.1993 

2 

60 

15 

20.014 

1.4116 

3 

70 

15 

37.237 

2.1862 

4 

65 

20 

28.351 

1.6871 


Table 2.9 

: Additional Experiments 

for KV/Ep Composite 

1 

2 3 

4 S 


1 

2 

3 


65 

10 

680 

155 

70 

15 

65 

20 


12.683 

1.269 

10.143 

1.483 

24.310 

1.891 

18.916 

1.614 


4 


Table 2.10 s Values of Constants of Response Surface Model for Different Factors 




APPENDIX B 


Shadow graphs o£ the machined profile were 
taken at a magnification of 20X. These were then used 
to obtain the average diametral overcut produced during 
TW/ECa4 of composites. Some of the shadow graphs of 
TW/IXTSM of Kevlar -epoxy composite are giveb in Flg.B-1 
while in figxire B-2 shadow graphs of groove shapes in 
both glass -epoxy and Kevlar -epoxy composite are given. 
Figure B-1 shows how the average diametral overcut was 
measured. 





75 Volts 
15% Con. 


70 Volts 
15%Con. 


65 Volts 
15% Con 


60 Volts 
15% Con. 


5b volts 
15% Con. 


Average Diametrd Overcut, 0^ = ^ 

Where, 0 ^, = Overcut at One Position 
n = No. of Positions 
d =• Dia. of Wire 

4 Shadowgraphs of Kevlar-Epoxy Composite Cutting 
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